Traditional in vitro culturing of tumor cells has been shown to induce changes so that cultures no longer represent the tumor of origin. Serum-free culturing conditions are used in a variety of cancers to propagate stem-like cells in vitro. Limited reports, however, exist on the effects of such propagation. We have compared cells from brain tumor biopsies cultivated under serum-free conditions at passages 2 and 10 to describe the effects of in vitro culturing. We were able to establish cell lines from 7 of 10 biopsies from patients with glioblastoma. The cell lines adapted to conditions and had 2.2 times increased population doubling rate at later passages. Karyotyping and comparative genomic hybridization analysis revealed that all examined cell lines had cytogenetic aberrations commonly found in glioblastomas, and there were only minor differences between tumor and early and late passages in the same culture. Whole-transcriptome analysis shows that tumors had interindividual differences. Changes in the overall expression patterns through passaging were modest, with a significant change in only 14 genes; the variation among cultures was, however, reduced through passages. The ability to differentiate differed among tumors but was maintained throughout passaging. The cells initiated tumors upon transplantation to immunodeficient mice with differing phenotypes, but a given cell culture maintained tumor phenotype after serial cultivation. The cultures established maintained individual characteristics specific to culture identity. Thus, each cell culture reflects an image of the tumor-or a personalized model-from which it was derived and remains representative after moderate expansion.
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Keywords: adaptation, brain tumor stem cell, culture media, glioblastoma multiforme, serum-free, tumor sphere. G lioblastoma multiforme is the most common primary brain tumor. It has a dismal prognosis. Despite a multimodal strategy with surgery and chemo-and radiotherapy, the median survival is only 15 months. 1 Although a significant effort has been put into understanding the initiation and development of these cancers, little success has been achieved in converting basic science into better treatment options for patients. One of the major obstacles for this progress is the lack of good preclinical models representing more accurately the tumor and its ability to act within a modified microenvironment.
Since Reynolds and Weiss 2 established that neural stem cells could be cultivated in vitro in epidermal growth factor (EGF)-and basic fibroblast growth factor (bFGF)-enriched serum-free medium, we and other groups have shown that brain tumor biopsies can be cultivated under similar conditions and that these tumor cells have stem cell characteristics. 3 -8 Two recent studies showed that the ability to form tumor spheres under serum-free conditions from tumor biopsies is an independent prognostic predictor of clinical outcome.
9,10 Similar serum-free culturing conditions have been used to study the stem-like cell populations in breast, pancreatic, sarcomatic, and other tumors. 11 -13 So far, studies evaluating tumor stem cells have been done after the first formation of tumor spheres 4 -6 or after serial passages (typically .15 14 -16 ). To be able to do more advanced studies (ie, fluorescence-activated cell sorting of small populations, proteomics, and evaluation of epigenetic changes), in vitro propagation would be beneficial for increasing the amount of tumor material. Adaptation to in vitro culturing conditions is, however, a well-described phenomenon. While making the cells easier to propagate, adaptation could affect the phenotype, tumorigenicity, and expression pattern of tumor stem cells. The major concern is that the changes imposed on the cells are such that they may no longer represent the population of tumor cells originally present in situ. For cells cultivated under serum-containing conditions, recent studies have shown that during in vitro expansion patient-derived cells change karyotype, phenotype, and most important, the ability to form invasive, glioma-like tumors upon xenotransplantation. 17, 18 Studies examining the effect of in vitro propagation in serum-free conditions upon growth rate, karyotype, transcriptome, and ability to differentiate and to induce tumors with cellular heterogeneity have been lacking. 9 Herein, we report a comparative analysis of brain tumor stem cells propagated under serum-free conditions at early (passage 2) and late (passage 10) passages.
Materials and Methods

Biopsies and Cell Culturing
Tumor biopsy specimens were obtained from informed and consenting patients, and the tissue harvesting was approved by the Norwegian National Committee for Medical Research Ethics (07321b). Biopsy specimens were put in ice-cold Leibowitz-15 medium (L-15, Invitrogen). Typically, a biopsy specimen was washed in L-15 and mechanically dissociated using 2 scalpels. Dissociation into single cells was achieved by incubation in trypsin-EDTA (Invitrogen) and mechanical dissociation. Thereafter, trypsin was blocked using 2 mg/ mL human albumin (Octapharma Pharmazeutika Produktionges) and washed in L-15 twice, before the cells were transferred to a proliferation medium containing bFGF 10 ng/mL, EGF 20 ng/mL (both R&D Systems), leukemia inhibitory factor 10 ng/mL (Millipore, Billerica, MA), B27-supplement 1:50 (Invitrogen), penicillin and streptomycin 100 U/mL of both (Lonza), heparin 1 ng/mL (Leo Pharma), and HEPES 8 mM (Lonza) in Dulbecco's modified essential medium with nutrient mix F-12 and Glutamax (DMEM/F12) (Invitrogen). Cells were then incubated at 10 5 cells/mL in a 75-cm 2 nontreated cell culturing flask (Nunc). After 7-21 days, cells formed tumor spheres, and these were dissociated into single cells using trypsin-EDTA 0.05% for 5 minutes. Cells were then replated at 5 × 10 4 cells/mL. This dissociation and replating was defined as a passage. When spheres reached a size where the core of the spheres turned dark (70 -100 mm), cultures were trypsinized to single cells. Spheres formed after the second passage (P2, termed "early") were used for a direct comparison with those formed after 10 passages (P10, termed "late") to elucidate any changes occurring during in vitro culturing. Cells were quantified at each passage using Trypan blue (Sigma-Aldrich) and a hematocytometer (Paul Marienfeld). For differentiation, 4-well plates (BD Biosciences) and glass-bottomed dishes (Corning) were coated with poly-L-ornithine 15 mg/mL (Sigma-Aldrich) for 48 hours. Cells were dissociated into single-cell suspensions and plated with DMEM/ F12 containing 4% fetal calf serum (PAA Laboratories), Hepes, penicillin/streptomycin, and B27-supplement with retinoic acid at 1:2000 dilution (Invitrogen). Cells were fixed in 4% paraformaldehyde after 7 days.
Karyotyping
Following the addition of fetal calf serum to the cultured cells, colchicine (Sigma-Aldrich) was added for the last 4 hours of culturing and the cells were harvested according to previously published protocols. 19 The chromosomes in the dividing cells were then G-banded, and a karyotype was established in accordance with "An International System for Human Cytogenetic Nomenclature" (ISCN) recommendations. 20 
High-Resolution Comparative Genomic Hybridization
To evaluate the genomic imbalances in more detail, DNA from tumor, as well as from early and late passages from the same tumors, was isolated using the Maxwell 16 system with the Maxwell 16 tissue DNA purification kit according to the manufacturer's instructions (Promega Corporation). Material from tumors G1 and G2 and the early and late passages of these and G3 were not available for DNA extraction and comparative genomic hybridization (CGH) analysis. CGH was performed on DNA from these samples, and the results were analyzed as described previously. 21 Final evaluations of the CGH results used dynamic standard reference intervals as described by Ribeiro et al. 22 Data obtained from 10 -15 cells were combined to generate average ratio profiles for each chromosome, and aberrations were scored whenever the case profile and the reference profile did not overlap with a significance level of 99%. When analyzing the high-resolution CGH (HR-CGH) data, acrocentric chromosome arms (13p, 14p, 15p, 21p, and 22p) and the Y chromosome were excluded from the analysis, as these contain large repetitive sequences that are known to produce unreliable results. Positive and negative controls were included in each experiment. HR-CGH copy number changes were described according to the recommendations of the ISCN. 20 
RNA Extraction and Transcriptome Analysis
Cultures forming spheres after P2 and P10 were spun down, and the total RNA was extracted using Qiazol and the RNeasy Kit (Qiagen). RNA was quantified and qualitatively evaluated using Nanodrop (Thermo Scientific) and Bioanalyzer (Agilent Technologies). Five hundred nanograms of RNA of each sample were reverse transcribed and amplified using the NanoAmp RT-IVT Labeling Kit (Applied Biosystems). The DIG-labeled cRNA (10 mg) was fragmented and hybridized to Applied Biosystems Human Genome Survey Microarray V2.0 (Applied Biosystems) according to the manufacturer's protocol (Applied Biosystems Chemiluminesence Detection Kit). The slides were scanned using ABI 1700 Chemiluminescent Microarray Analyzer. Analysis and statistics were done in Microsoft Office Excel 3.0 and J-Express 2.8b (Molmine). After scanning, flagged and control spots were removed leaving 32 869 spots. The signals were log2 transformed and controlled for equal mean and distribution levels before further analysis.
Immunocytochemistry
Differentiated fixed cells were first washed in phosphatebuffered saline (PBS) and blocked in 1% bovine serum albumin (BSA) solution for 1 hour at room temperature, before being incubated in primary antibody overnight at 48C. The antibodies used were reactive against b3-tubulin (mouse, 1:1000, Sigma-Aldrich), CD133 (mouse, 1:10, Miltenyi Biotec), CNPase (mouse, 1:200, Millipore), CXCR4 (goat, 1:50, Santa Cruz Biotechnology), glial fibrillary acidic protein (GFAP; rabbit, 1:1000, Dako), human-specific Nestin (mouse, 1:500, R&D systems), Tenascin C (goat, 1:50, Santa Cruz), maternal embryonic leucine zipper kinase (MELK; goat, 1:50, Santa Cruz), Sox2 (mouse, 1:200, R&D systems), and Vimentin (rabbit, 1:50, Thermo Fischer Scientific). After washing, cultures were incubated with secondary antibodies for 1 hour at 48C (anti-rabbit Alexa 488, 1:500, Molecular Probes, Invitrogen; anti-mouse-Cy3 or anti-goat-Cy3, 1:500, Jackson Immunoresearch). Nuclear staining was done with Hoechst 33358 (1:5000, Sigma-Aldrich). Analysis and image acquisition were done on an Olympus BV 61 FluoView confocal microscope (Olympus).
Transplantation and Tissue Processing
All animal procedures were approved by the National Animal Research Authority. C.B.-17 severe combined immunodeficient (SCID) mice (7 -9 weeks old, Taconic, Ejby, Denmark) were anesthetized with a subcutaneous injection of Hypnorm (10 mg/mL fluanisone and 0.315 mg/mL fentanyl citrate; Veta Pharma) and Dormicum (5 mg/mL midazolam; Roche) and placed in a stereotactic frame (David Kopf Instruments). Immediately prior to transplantation, suspensions of single cells were prepared in the L-15 medium. A 2-mL suspension containing 100 000 cells/ mL was injected into the right striatum just below the corpus callosum using a cannula (Plastic One) attached to a Hamilton syringe (Hamilton Bonaduz). The needle was left in situ for 2 minutes after injection before being slowly removed. The mice were killed by transcardial perfusion with 4% buffered formaldehyde after 12 weeks or sooner if weight loss or neurological symptoms developed. The fixed brains were cut into 10-mm sections on a freezing microtome (Leica), thawed onto Super Frost/Plus glass slides (Menzel-Glä ser), and stored at 2208C. Brain sections were stained with hematoxylin and eosin (H&E). Immunohistochemistry on sections was performed as described previously. 7 Briefly, sections were air dried at room temperature for 1 hour, rehydrated in PBS and blocked with a solution of PBS containing 1% BSA, 0.3% Triton X-100, and 0.1% sodium azide (all Sigma-Aldrich) for 1 hour at room temperature. The H&E-stained sections were analyzed using a Zeiss Axioskop 2 microscope (Zeiss), and the immunolabeled sections were studied under an Olympus BV 61 FluoView confocal microscope (Olympus).
Results
Cell Lines Were Efficiently Established from Human High-Grade Astrocytomas; They Differed in Growth Rate and Adapted to In Vitro Expansion
Ten high-grade glioma samples were cultivated, and we were able to passage 7 of these for at least 10 generations of tumor spheres. These 7 cell lines were named G1 -G7 and all were cultivated beyond passage 20 without changes in the phenotype of the spheres and without signs of diminished ability to re-establish spheres after dissociation. The median number of cells available at P2 was 1.6 × 10 6 cells (range: 0.8 -70 × 10 6 cells). At early passages, the cultures contained single cells not included in spheres, but after further passages most single cells disappeared and almost all cells in culture were contained within spheres. The morphology of spheres was very similar between cell lines, but they varied highly in their ability to expand in number. Whereas some tumors could grow exponentially from the time of isolation (G7), the others acquired similar growth kinetics only after being kept in vitro for quite some time (G5). The growth rate at passages 2-4 and passages 8-10 was significantly different (mean + SEM; 3.7 + 1.7 and 8.3 + 2.2 cell doublings per passage, respectively; paired samples t-test, P ¼ .018) (Fig. 1) . This suggested that even a lower number of passages will allow for the adaptation of cells to in vitro conditions.
Cell Culturing Demonstrated Karyotypic Variation Between Tumors, but the Chromosomal Aberrations Were Maintained Through Culturing
A karyotype was successfully established from cultures G3, G4, G6, and G7 (Fig. 1, Supplementary Material ,  Table S2 ). All cell lines had an aberrant chromosome constitution, but no chromosomal aberrations were common to them. In the 3 cultures (G4, G6, and G7) where both early and late passages were examined, the chromosomal aberrations were very similar in early and late passages. Several identifiable aberrations were found, but the number of abnormalities involving at least partly unidentifiable chromosomal material was higher. Some tumor cell heterogeneity was found, that is, all aberrations were not found in all cells examined. From 1 culture (G3), mitotic chromosomes could be obtained only from the late passage and a very aberrant chromosome constitution with mostly unrecognizable acrocentric chromosomes was found.
The gain/loss profiles for all tumors and corresponding early and late passages were very similar as analyzed by HR-CGH (Supplementary Material, Fig. 1 and Table  S3 ). Although the scored gained and lost regions were not entirely identical within different samples from the same tumor (tumor, early and late passages), the profiles looked very much alike. Because of the large number of not fully characterizable chromosomes by karyotyping, the comparison of HR-CGH results for each sample with the corresponding karyotype was hard. Nonetheless, the gain of (parts of) chromosome 7 in all samples and the losses of (parts of) chromosome 10, parts of chromosome arm 4q, and parts of chromosome arm 9p correspond well with the karyotypic findings. Furthermore, the extremely aberrant late passage of tumor 3 was found to have a correspondingly large number of gained and lost regions as analyzed by HR-CGH.
Whole-Transcriptome Analysis Indicated
Interindividual Differences: Changes Through Passaging Were Not Significantly Different, but the Variation Was Reduced Purified total RNA from G2-G7 cell cultures was analyzed using an Applied Biosystems microarray system for transcriptome analysis. From these results, we examined heterogeneity between cultures derived from different patients and whether variation between cultures was maintained upon in vitro culturing. Further, we analyzed significant changes in all cultures at P2 and P10.
The overall expression levels did not vary significantly among individual cultures at P2 or P10 (ANOVA, F ¼ 0.66 and 0.38, critical F ¼ 2.098, P ¼ .68 and .89); thus, no individual cell cultures were found to differ statistically from the others regarding the overall hybridization signal at the given passage. When comparing the overall expression levels at early and late passages in individual cultures, however, culture G3 was found to have a significant reduction in the overall expression level upon cultivation (Student's t-test, 2-tailed, paired, P ¼ 2.3 × 10
25
). The overall expression-level changes in the other cell lines were not significantly different (P . .05).
To analyze whether interindividual variation is more profound in the early than the late passages, the mean variance of individual probes was analyzed at the 2 time points. This showed that the mean variance was higher at P2 than at P10 and that this difference was significant (F-test and ANOVA, P , .0001).
Unsupervised hierarchical clustering showed that G2 and G3 grouped together, but no clustering was apparent for early and late passages (Fig. 2) . Also, with all 6 cultures compared by paired analysis, there was a high correlation of early and late expression levels (r 2 ¼ .96). This was confirmed using correspondence analysis, where all samples clustered together except for G2 and G3 that were found segregated from the others. For G3, both P2 and P10 grouped together, at a distance from the main cluster. With regard to the G2 culture, only the P2 sample showed a high distance on the correspondence analysis plot, whereas sample P10 was closer to the main cluster (Fig. 2B) .
We then identified the differentially expressed genes at P2 and P10 first by pairwise comparison of all 6 samples. Using a cutoff for q-value of ,20, we revealed 22 differentially expressed genes within the samples by 2 class-paired significance analysis for microarray (SAM) analysis. By the rank product test, 36 genes were found significant differentially expressed (q-value , 0.05). The 14 genes overlapping in both tests are presented in Table 1 . To increase the sensitivity, outlier samples G2 and G3 were removed from the analysis. This unmasked 92 and 93 genes by SAM and rank product, accordingly, using the same a-values. All the 14 genes discovered comparing all 6 samples were found by both analyses, and an additional 18 genes were found for these 4 samples using both SAM and rank product (Supplementary Material, Table S3 ).
The most significant change was the reduction in the expression levels at P10 compared with P2. Only the relatively uncharacterized protein tyrosine phosphatase, receptor-type, F interacting protein, binding protein 2 (liprin beta 2) was significantly upregulated. 23 Differentially expressed genes were associated with function in immune response (11 genes), metabolism (8 genes), cell adhesion/motility (7 genes), cell proliferation/growth (5 genes), and apoptosis (3 genes). Specifically, the neural lineage-related genes GFAP and integrin b4 were downregulated.
Ability to Differentiate Differed Among Tumors, but Was Maintained Throughout Passaging
To examine the multilineage potential of the cells at P2 and P10, cells were transferred to differentiating conditions by removal of mitogens and addition of serum. Upon differentiation, the cells adhered and showed a reduction in proliferation. Similar to earlier reports, 3, 5, 7 cells had aberrant morphology and staining patterns. Nuclear staining showed a wide variety in nuclear size and morphology, with many cells containing multiple nuclei. Cells had chaotic arborizations and tortuous processes, but stained concomitantly for the stem cell marker (nestin) and the markers of neuronal (b3-tubulin) and glial (GFAP) differentiation, a phenotype not present in differentiated normal stem cells (Fig. 3) . 2, 7, 24 As described previously, 7 differentiated cells were negative for oligodendrocyte markers (CNPase, not shown). For culture G3, no certain differentiation was present at either early or late passage. In the other 5 samples, cells were able to differentiate into neuronal, glial, and combined phenotypes at early as well as late passages. There were no significant changes in the population of immunopositive cells at P2 and P10 overall. However, the morphologies of differentiated cells differed between early and late passage. Early passages had more cells adhering with a more arborized morphology. Later passage cells tended to grow more in clusters, producing less widespread branching of cells.
Tumors Formed Upon Xenotransplantation Differed Among Patients, but the Tumor Phenotype Was Maintained Throughout Passaging
To test for the ability to reinitiate tumor growth in vivo, cells were orthotopically transplanted to the putamen of SCID mice. In all cases, transplanted cells formed tumors. Tumors all grew with an infiltrative pattern, with the main tumor bulk around the site of injection. Tumor cells infiltrated within white matter tracts, but some tumor cells were also found in grey matter. The tumors contained neovascularization, but the areas of necrosis were scarce and did not show pseudopalisading necrosis (Fig. 4) . Tumor cells had atypical and pleomorphic nuclei, and such abnormal nuclei were found in subventricular zones both ipsi-and contralateral to the site of injections. The tumors contained cells immunopositive for the markers of reactive astrocytes (GFAP, vimentin, MELK) and stem cells (nestin, Sox2, tenascin C; Fig. 5 ). Weak CD133-positive staining was found along the ependymal layer of the ventricle walls, whereas strongly positive cells were found in cluster-like formation in the vicinity of the subventricular zone.
To confirm the tumor-initiating properties of the cultured cells, serial transplantation for 3 generations was performed. Between each generation of in vivo tumor initiation, the sphere-forming ability was confirmed by 2 passages in vitro before new orthotopic transplantation was performed. These transplantations produced tumors similar to the primary xenotransplant, with a similar invasive phenotype, nuclear atypia, and immunopositivity for reactive astrocyte and stem cell markers.
The tumors' phenotypes differed between the individual tumor cultures; that is, G2 had a diffusely invasive Genes significantly different both by SAM (q-value , 20) and rank product (q-value , 0.05) analyses. Fold-change differences at late vs early passages. Fig. 3 . Differentiation of G4 at early (P2) and late (P10) passages of G3 at P2 (A). Cells were stained with antisera against GFAP (green), b3-tubulin (red: left and right column), and nestin (red: middle column). Scale bar, 50 mm. Quantification of GFAP, b3-tubulin, double-positive cells, and nonstaining cells after differentiation at early (P2, white) and late (P10, black) passages (B). (Fig. 4) . For 5 of the cultures, the SCID mice were sacrificed at 12 weeks both for cells transplanted from late and early transplants; only for G3 did the mice develop symptoms before this time point. In these animals, the survival was different in early (6 and 10 weeks) and late passages (all died after 3 weeks).
Discussion
To our knowledge, this report is the first studying the early effects of in vitro cultivation of tumor stem cells. We show that in vitro expansion in serum-free conditions is possible in a high fraction of glioblastoma tumor samples and that this in vitro propagation can produce a large number of heterogeneous cells. Although the overall chromosomal organization is stable, the expression heterogeneity of samples is slightly reduced. Even so, the differentiation potential and the ability to form heterogeneous tumors upon orthotopic xenografting are not changed. The rate of successful propagation of biopsies as freefloating spheres has been variable (12 of 24 samples, 3 19 of 40 samples, 15 11 of 15 samples [4 of these 15 were as adherent cultures], 14 11 of 15 samples, 9 14 of 44 samples, 10 and 0 of 16 samples beyond passage 3). 25 The results presented here, with multiple passages possible in 7 out of 10 samples, are comparable with these reports. After dissociation of a tumor biopsy, the sample contains a large number of cells, but only a very limited number of these cells take part in further sphere formation. The majority of the cells present in the original tumor biopsy do not survive passaging and serum-free cultivation. Whereas the number of cells is reduced through the first passages, the fraction of cells taking part in sphere formation is increased compared with single and adherent cells. After 2 passages, cells within spheres dominate the culture, and this allows for the use of all cells in the culture for studying the sphere-forming cells. The critical transition for adaptation to in vitro conditions when culturing adult human neural stem cells and brain tumor samples is, based on our experience and that of others, probably around passages 3-5.
7,24 -26 Therefore, a culture well beyond this passage number, but still at a lower number of passages when compared with the established cell lines, was chosen (passage 10). This presumption fit with the observed changes in the growth rate at early compared with late passages. To our knowledge, this is the first report comparing cell adaptation to in vitro conditions at such early passages on more than expression levels. 17 Optimally, all examinations should be undertaken of all samples both at early and late passages, but due to the lower number of cells at P2, this has not been possible.
The genomic aberrations differed among cultures, but we found that the distinct aberrations of the individual cultures were quite stable when cultured. Cultures were found to be representative of the tumor of origin and were stable from early to late passages evaluated by karyotyping and HR-CGH. This implies that additional genomic changes are not selected for through propagation. Our data thereby contrast with findings in established serum-propagated glioma cell lines where there is, through culturing, a selection of cells with chromosomal aberrations not common in glioblastomas, but the accumulation of aberrations typically found in other serum-propagated cell lines from other types of tumors. 18 Such conservation of cytogenetic changes present in the parent tumor under propagation in serumfree conditions has been described previously by others. 17, 27 When passaged, the cultures adapt to the in vitro conditions and changes in the overall transcriptome are seen. These changes are minor compared with the differences found between adult human neural stem cells and tumor stem cells (.3400 genes differentially regulated, Sandberg et al., in preparation), but several important changes occur. In most samples, there was no reduction in total hybridization signal, but in G3, there was a marked reduction in signal, showing that in vitro passaging also can affect this. Upon passaging, the variation in the transcriptome among cultures is reduced, causing less diversity among cell cultures. The reduction in intrasample phenotypic heterogeneity (variance) is followed by a similar reduction in intersample heterogeneity demonstrated by the closer resemblance of G2 to the cluster of G4-G7 at P10 than G2 at P2 (correspondence analysis). The consequence of such a reduced variability could be that cultures are more easily targeted in preclinical trials, thus underestimating tumor plasticity and its ability to resist chemo-and radiotherapy when novel therapeutics are translated to the clinical setting. The adaptation to in vitro sphere-forming conditions by a reduced expression of genes related to adhesion, invasion, and immune defense is similar to the differences between adherent and sphere-forming tumor stem cell cultures shown earlier. 14, 17 Of particular interest is the reduction in genes related to neural stem cells and lineage differentiation, such as b4-integrin, neurofascin, GFAP, and secreted phosphoprotein 1 (osteopontin), and we speculate that the reduction in these genes may be part of a transition toward a more mesenchymal phenotype. 14,28 -30 The effect of in vitro propagation on the ability of neural stem cells to differentiate has been described, but with conflicting results. Whereas 1 group 31 found a stable distribution of phenotype throughout passaging, a reduction in the frequency of neuronally differentiated cells has been shown by others. 32 The data presented here show that in vitro culturing has a limited effect on cellular fractions as there is no orderly change in the differences. The ability to differentiate is present even after repeated passages. Also, the 1 sample with a very limited capability for differentiation, G3, had similar ability both at P2 and P10. This fits with the more mesenchymal phenotype of the xenotransplant. Thus, even though it failed to express neural lineage-specific differentiation, it was able to produce a heterogeneous tumor cell population in vitro. The ability of serum-free propagation of biopsy specimens to represent the tumor of origin is further supported by recent data showing the maintenance of a specific gliosarcoma phenotype under these conditions. 33 With a possible effect on the differentiation properties of the tumors, it is interesting that the phenotype is preserved for any given culture between cells transplanted at P2 and P10. Specifically, all cultures maintained the propensity to produce infiltrating tumors. These tumors 3,17 much more convincingly recapitulate this important phenotypic characteristic of glial tumors than traditionally established cell lines do, even after the transition of these lines into a serum-free medium. 34, 35 However, although highly invasive and containing pathological vessels, these tumors did not contain the typical necrosis or pseudopalisading often found in glioblastomas.
At both early and late passages, there was a high variability among cultures derived from different patients. In these 7 cultures, G3 diverges from the others having a more complex karyotype, revealing singular clustering in transcriptome analysis, having a reduced ability to differentiate into neural lineages, and producing a tumor with a more immature phenotype. This culture may represent a hypermutated subtype such as found after temozolomide treatment, although this patient had not undergone such a treatment. 36, 37 Overall, the 7 cultures established maintained their specific characteristics separating the different cultures from each other, that is, the differences in growth rate, karyotype, transcriptome, differentiation abilities, and tumor phenotype were overall more similar at P2 and P10 than among different tumors. Thus, each of the cultures reflects an image-or a personalized model-of the tumor from which it was derived. The serum-free in vitro cultivation makes patient-specific cultures possible, but even at these low passage numbers all cultures show moderate changes. Therefore, findings in high-passage primary cultures should ideally be confirmed in lowpassage cultures. Also, because there seems to be heterogeneity among brain tumor stem cell cultures, multiple samples should be tested to ensure extrinsic biological validity for any therapeutic approach.
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